Sphingosine 1-phosphate receptor 2 antagonist JTE-013 increases the excitability of sensory neurons independently of the receptor. J Neurophysiol 108: 1473-1483 , 2012 . First published June 6, 2012 doi:10.1152/jn.00825.2011.-Previously we demonstrated that sphingosine 1-phosphate receptor 1 (S1PR 1 ) played a prominent, but not exclusive, role in enhancing the excitability of small-diameter sensory neurons, suggesting that other S1PRs can modulate neuronal excitability. To examine the potential role of S1PR 2 in regulating neuronal excitability we used the established selective antagonist of S1PR 2 , JTE-013. Here we report that exposure to JTE-013 alone produced a significant increase in excitability in a time-and concentrationdependent manner in 70 -80% of recorded neurons. Internal perfusion of sensory neurons with guanosine 5=-O-(2-thiodiphosphate) (GDP-␤-S) via the recording pipette inhibited the sensitization produced by JTE-013 as well as prostaglandin E 2 . Pretreatment with pertussis toxin or the selective S1PR 1 antagonist W146 blocked the sensitization produced by JTE-013. These results indicate that JTE-013 might act as an agonist at other G protein-coupled receptors. In neurons that were sensitized by JTE-013, single-cell RT-PCR studies demonstrated that these neurons did not express the mRNA for S1PR 2 . In behavioral studies, injection of JTE-013 into the rat's hindpaw produced a significant increase in the mechanical sensitivity in the ipsilateral, but not contralateral, paw. Injection of JTE-013 did not affect the withdrawal latency to thermal stimulation. Thus JTE-013 augments neuronal excitability independently of S1PR 2 by unknown mechanisms that may involve activation of other G protein-coupled receptors such as S1PR 1 . Clearly, further studies are warranted to establish the causal nature of this increased sensitivity, and future studies of neuronal function using JTE-013 should be interpreted with caution. sensitization; mechanical sensitivity THE LYSOPHOSPHOLIPID sphingosine 1-phosphate (S1P) is an important signaling molecule between cells but also plays an important role as an intracellular second messenger (Hannun and Obeid 2008; Hla 2004; Hla and Maciag 1990; Spiegel and Milstien 2003; Takabe et al. 2008; Van Brocklyn et al. 1998) . S1P interacts with a family of five G protein-coupled receptors (S1PR 1-5 , previously known as Edg receptors) and has a significant impact on the development and activation of different cell types ( ). The impact of these different mediators on neuronal sensitivity is poorly understood. Our previous work showed that S1P enhanced the generation of current-evoked action potential (AP) firing in small-diameter capsaicin-sensitive sensory neurons , in which S1PR 1 played a prominent although not exclusive role in directly augmenting excitability of sensory neurons (Chi and Nicol 2010). These results suggest that other S1PRs also are capable of regulating excitability. In this study, we attempted to investigate the role of S1PR 2 through the use of the selective S1PR 2 antagonist JTE-013 (Arikawa et al. 2003; Osada et al. 2002) . However, we found that JTE-013 increased the excitability of smalldiameter sensory neurons independently of its interaction with S1PR 2 and that in vivo JTE-013 was capable of enhancing the behavioral sensitivity to mechanical stimulation of the hindpaw.
sensitization; mechanical sensitivity THE LYSOPHOSPHOLIPID sphingosine 1-phosphate (S1P) is an important signaling molecule between cells but also plays an important role as an intracellular second messenger (Hannun and Obeid 2008; Hla 2004; Hla and Maciag 1990; Spiegel and Milstien 2003; Takabe et al. 2008; Van Brocklyn et al. 1998) . S1P interacts with a family of five G protein-coupled receptors (S1PR [1] [2] [3] [4] [5] , previously known as Edg receptors) and has a significant impact on the development and activation of different cell types (Anliker and Chun 2004; Meyer zu Heringdorf and Jakobs 2007; Rosen et al. 2009; Sanchez and Hla 2004) . Upon activation, a variety of immunocompetent cells (e.g., mast cells and platelets) release S1P where it can function as either an autocrine or paracrine signaling molecule (Goetzl and Rosen 2004; Olivera and Rivera 2005; Rivera et al. 2008; Weigart et al. 2009 ). In particular, interaction between S1P and the S1P receptor S1PR 1 plays a critical role in regulating many aspects of the inflammatory response.
Upon activation of immunocompetent cells, the release of multiple mediators can heighten the sensitivity of sensory neurons to a variety of stimuli (reviewed by DeLeo and Yezierski 2001; Miller et al. 2009; Milligan and Watkins 2009; Scholz and Woolf 2007; Thacker et al. 2007; White et al. 2005 ). The impact of these different mediators on neuronal sensitivity is poorly understood. Our previous work showed that S1P enhanced the generation of current-evoked action potential (AP) firing in small-diameter capsaicin-sensitive sensory neurons , in which S1PR 1 played a prominent although not exclusive role in directly augmenting excitability of sensory neurons (Chi and Nicol 2010) . These results suggest that other S1PRs also are capable of regulating excitability. In this study, we attempted to investigate the role of S1PR 2 through the use of the selective S1PR 2 antagonist JTE-013 (Arikawa et al. 2003; Osada et al. 2002) . However, we found that JTE-013 increased the excitability of smalldiameter sensory neurons independently of its interaction with S1PR 2 and that in vivo JTE-013 was capable of enhancing the behavioral sensitivity to mechanical stimulation of the hindpaw.
MATERIALS AND METHODS
Isolation and maintenance of adult rat sensory neurons. Sensory neurons were isolated from young adult male Sprague-Dawley rats (100 -150 g) by procedures developed by Lindsay (1998) , with slight modifications (Chi and Nicol 2007) . Briefly, the young rats were killed by placing them in a chamber filled with CO 2 . The dorsal root ganglia (DRGs) were collected in a culture dish filled with sterilized Puck's solution. The ganglia were transferred to a conical tube with F-12 medium containing papain (20 U/ml) and incubated for 15 min at 37°C, followed by incubation with 1 mg/ml collagenase IA and 2.5 mg/ml dispase for 10 min at 37°C. The suspension was centrifuged for 30 s (1,000 g), after which the enzyme-containing supernatant was removed. The pellet was resuspended in F-12 medium supplemented with nerve growth factor (30 ng/ml) (Harlan Bioproducts, Indianapolis, IN) and mechanically dissociated with fire-polished pipettes. Isolated cells were plated onto plastic coverslips previously coated with poly-D-lysine (100 g/ml) and laminin (5 g/ml). Isolated cells were maintained in culture at 37°C and 3% CO 2 for 18 -24 h before electrophysiological recordings were obtained. All procedures were approved by the Animal Use and Care Committee of Indiana University School of Medicine.
Electrophysiology. Recordings were made with the whole cell patch-clamp technique (Chi and Nicol 2007; Hamill et al. 1981) . Briefly, a coverslip with sensory neurons was placed in a recording chamber where neurons were bathed in normal Ringer solution of the following composition (in mM): 140 NaCl, 5 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 HEPES, and 10 glucose, pH at 7.4 with NaOH. Recording pipettes were pulled from disposable borosilicate glass tubing and typically had resistances of 2-5 M⍀ when filled with the following solution (in mM): 140 KCl, 5 MgCl 2 , 4 ATP, 0.3 GTP, 2.5 CaCl 2 , 5 EGTA (calculated free Ca 2ϩ concentration of ϳ100 nM), and 10 HEPES, at pH 7.3 with KOH. Whole cell voltages were recorded with an Axopatch 200 or Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA). The whole cell recording configuration was established in normal Ringer solution. The data were acquired and analyzed with pCLAMP 6.04 or pCLAMP 9.0 (Molecular Devices). All drugs were applied by external superfusion of the recording chamber with a VC-8 bath perfusion system (Warner Instruments, Hamden, CT). To assess excitability in the current-clamp experiments, neurons were held at their resting potentials (range between Ϫ45 and Ϫ65 mV) and ramps of depolarizing currents (1 s in duration) were used to evoke 2-4 APs under control conditions. The same ramp was then used throughout the recording period for each individual neuron. The current-clamp traces were filtered at 5 kHz and sampled at 1 kHz. At the end of each recording, the neuron was exposed to 400 nM capsaicin for ϳ30 s. This neurotoxin was used to distinguish capsaicin-sensitive sensory neurons, as these neurons are believed to transmit nociceptive information (Holzer 1991) . However, the correlation between the idea that a neuron is a nociceptor and capsaicin sensitivity is not absolute. Some nociceptive neurons are insensitive to capsaicin, and some capsaicin-sensitive neurons are not nociceptors (see Petruska et al. 2000) . Therefore this agent was used to define a population of small-diameter sensory neurons that could serve a nociceptive function. The results reported in the following text were obtained from only capsaicin-sensitive neurons except as noted. All experiments were performed at room temperature (ϳ23°C).
Single-cell reverse transcription-polymerase chain reaction (RT-PCR) . The presence of gene transcripts for S1PR 2 and HPRT was detected with techniques described by Chi and Nicol (2010) with modification. Briefly, after the effects of JTE-013 on AP firing were established, a small (Յ25 m)-diameter sensory neuron was aspirated into a sterilized micropipette (baked at 250°C for 2 h) containing diethylpyrocarbonate (DEPC)-treated water. The contents of the micropipette were forced into a 0.2-ml microtube with 5 l of DEPC water, and the RNA was reverse transcribed with the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) for cDNA synthesis in 20-l reactions according to the manufacturer's instructions. The cDNA was stored at Ϫ20°C before PCR detection. Amplification of S1PR 2 (accession no. NM_017192.1) used the forward primer (5= to 3=, 180..198 bp) TGAGAAGGTTCAGGAACAC and the reverse primer (5= to 3=, 632..614 bp) AGAATCAGCGATATCAGCC (product size 453 bp). Amplification of hypoxanthine-guanine phosphoribosyltransferase (HPRT, accession no. NM_012583.2) used the forward primer (5= to 3=, 495..514 bp) GCAGACTTTGCTTTCCTTGG and the reverse primer (5= to 3=, 772..753 bp) TACTGGCCACATCAACAGGA (product size 278 bp). Amplification was performed with Platinum PCR Supermix (Invitrogen, Carlsbad, CA). These PCR reactions were run on a PTC-100 programmable thermal controller (MJ Research, Watertown, MA); for S1PR 2 47 cycles were run at 94°C for 15 s, 47°C for 40 s, and 72°C for 1 min, and for HPRT 45 cycles were run at 94°C for 15 s, 58°C for 30 s, and 72°C for 40 s. The specificity of these amplifications, i.e., the detection of a single band at the appropriate size, was verified by electrophoresis on a 1% agarose gel.
Behavioral measurements and analysis. All procedures were approved by the Institutional Animal Care and Use Committee of the University of Cincinnati. Sprague-Dawley rats (male, 200 g; Harlan, Indianapolis IN) were tested for mechanical sensitivity with von Frey filaments exerting bending forces between 0.4 and 15 g, using the up-and-down method (Chaplan et al. 1994; Dixon 1965) . Animals not responding to the stiffest von Frey filament were assigned a cutoff value of 15 g. Animals received baseline testing on two separate days prior to injection of 20 l of 2 M JTE-013 in HEPES-buffered extracellular solution (in mM: 150 NaCl, 5 KCl, 1 MgCl 2 , 2.5 CaCl 2 , 10 HEPES, and 10 glucose, pH 7.4 adjusted with NaOH). JTE-013 was made up as a 40 mM stock solution in DMSO, purged with N 2 . Dilution to the final concentration and sonication were done just before injection. Control animals received vehicle injections (0.005% DMSO in the extracellular solution). The injection, done with a tuberculin syringe with a 31-gauge needle, was subcutaneous in the heel region used for mechanical and thermal testing. Slight redness during the first hour after injection was noted in JTE-013-injected but not control animals. Thermal testing was conducted by the Hargreaves method (Hargreaves et al. 1988) in which animals were placed on a glass surface maintained at 30°C, a radiant heat source was applied to the heel region from beneath, and the latency to paw withdrawal was measured. The heat source was adjusted to give baseline withdrawal times in control animals of ϳ10 s. A 20-s cutoff time was set; however, no rats reached this value. Values presented are the average of four trials. Baseline thermal testing was conducted on two different days prior to the paw injection, which were not the same days as baseline mechanical testing. The thermal testing after JTE-013 or vehicle injection was conducted 1 h after injection, between the first and second rounds of mechanical testing.
Data analysis. Data are presented as means Ϯ SE. The excitability parameters described in Table 1 were determined, in part, by differentiating the voltage trace (dV/dt) in the current-clamp recordings. The voltage and time at which the first AP was fired were taken as the point that exceeded the baseline value of dV/dt by Ͼ20-fold. The baseline value of dV/dt was determined by averaging the points between the onset of the ramp and the next 100 ms (66 -166 ms). The rheobase was measured as the amount of ramp current at the firing threshold. The resistance at threshold (R Th ) was calculated as the difference between the firing threshold and the resting membrane potential divided by the rheobase current. Statistical differences between the control recordings and those obtained under various treatment conditions were determined by using either an ANOVA or a repeated-measures (RM) ANOVA whenever appropriate. When a significant difference was obtained, post hoc analyses were performed with a Holm-Sidak all pairwise test. If the data set failed the normality test, a Kruskal-Wallis analysis of variance on ranks was performed with a Dunn's all pairwise test. For the behavioral measurements, statistical significance was determined by a two-way RM ANOVA with a Bonferroni posttest. Values of P Ͻ 0.05 were judged to be statistically significant.
Wound healing assay. B16 mouse melanoma cells, a generous gift of Dr. Jeffrey B. Travers (Dept. of Dermatology, Indiana University School of Medicine), were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (Invitrogen) in 75-cm 2 cell culture flasks. Cells were plated into the wells of a six-well culture dish that had been coated with 10 g/ml fibronectin. Cells were maintained at 37°C and 5% CO 2 , allowing them to adhere onto the substrate. When the cells reached 70 -80% confluence, the cell monolayer was scraped in a straight line with a 200-l pipette tip to create a "wound." To remove the debris and smooth the edge of the wound, cells were washed twice with 1 ml of phosphate-buffered saline followed by 1 ml of migration medium, which contained serum-free F-12 medium (Invitrogen) and 0.1% fatty acid-free bovine serum albumin. There were four different treatment groups: the untreated control group with migration medium alone, cells exposed to 100 nM S1P, cells exposed to 1 M JTE-013, and cells exposed to 100 nM S1P and 1 M JTE-013. A mark on the plate was placed near the wound site and used as a reference point. Images were acquired with a ϫ10 objective at both 0 and 48 h after creation of the wound.
Chemicals. JTE-013, W140, and W146 were purchased from Cayman Chemical (Ann Arbor, MI). Pertussis toxin (PTX) was purchased from EMD Bioscience (San Diego, CA). S1P was obtained from Avanti Polar Lipids (Alabaster, AL) and dissolved according to instructions provided by the supplier (www.avantilipids.com/ SyntheticSphingosine-1-phosphate.asp). Tissue culture supplies were purchased from Fisher (Pittsburgh, PA). All other chemicals were obtained from Sigma Chemical (St. Louis, MO). For the electrophysiology experiments, capsaicin and JTE-013 were dissolved in 1-methyl-2-pyrrolidinone (MPL, HPLC grade). These stock solutions were then diluted with Ringer solution to yield the appropriate concentration. The vehicle MPL was typically used at 1,000-to 5,000-fold dilutions; we demonstrated previously that the vehicle MPL has no effect on AP firing or the activation of either TTX-resistant I Na or I K (Zhang et al. 2002) . For paw injection experiments JTE-013 was dissolved in DMSO and made up just before use in bath solution as described above.
RESULTS

JTE-013 increases excitability of small-diameter sensory neurons.
We previously demonstrated that sensory neurons of the DRG expressed the mRNA for S1P receptors 1-4 (S1PR 1-4 ) and that S1PR 1 played a prominent but not exclusive role in enhancing the excitability of small-diameter capsaicin-sensitive sensory neurons (Chi and Nicol 2010; . To elucidate the possible role of S1PR 2 in regulating the S1P-induced increase in excitability of sensory neurons, these cells were pretreated with 100 nM JTE-013, which has been described as a selective antagonist of S1PR 2 (Arikawa et al. 2003; Osada et al. 2002) . Surprisingly, the initial exposure to JTE-013 alone produced a significant time-dependent increase in the number of APs evoked by the ramp of current in these neurons. As illustrated in Fig. 1A , a representative recording from a sensory neuron shows that under control conditions the ramp evoked 3 APs, whereas after a 10-min exposure to 100 nM JTE-013 the number of APs was increased to 10 ( Fig. 1A , right) although there was no change in the resting membrane potential. The increase in AP firing produced by JTE-013 is summarized in Fig. 1B , where 11 of 16 neurons exhibited increased AP firing; there was a significant twofold increase in the number of APs after only a 5-min exposure compared with control values (P Ͻ 0.001, Kruskal-Wallis ANOVA, Dunn's all pairwise test). However, 5 of the 16 neurons failed to show any increase in excitability after exposure to 100 nM JTE-013 over the 15-min recording period (see below). The number of APs at each time point was then normalized to the respective control values, and this analysis demonstrated that JTE-013 produced a rapid and significant increase in excitability in ϳ70% of the sensory neurons compared with their control values (summarized in Fig. 1C ; P Ͻ 0.001, Kruskal-Wallis ANOVA, Dunn's all pairwise test). In addition, there was no significant difference in the number of APs obtained after 5-, 10-, and 15-min exposures to JTE-013 (P ϭ 0.33, ANOVA). The effects of JTE-013 on the parameters of excitability are summarized in Table 1 . Treatment with JTE-013 had no effect on the resting membrane potential (P ϭ 0.72, ANOVA), firing threshold (P ϭ 0.99, ANOVA), rheobase (P ϭ 0.55 ANOVA), or R Th (P ϭ 0.80 ANOVA, see Table 1 ). To reduce the variance in the rheobase and R Th , changes in these values after exposure to JTE-013 were then normalized to their respective control values. After normalization, the JTE-013-induced increase in AP firing was associated with a significant decrease in the values of the normalized rheobase and an increase in the normalized R Th compared with the controls (P Ͻ 0.001 and P ϭ 0.003, respectively, ANOVA, Holm-Sidak all pairwise test); there was no difference between the values obtained at 5, 10, and 15 min.
In addition to those sensory neurons that exhibited increased AP firing, 5 of the 16 sensory neurons were not sensitized by 100 nM JTE-013 (see Fig. 1B ). For these insensitive neurons 3.2 Ϯ 0.2 APs were generated under control conditions, and this remained unchanged after a 15-min exposure to JTE-013, where 3.2 Ϯ 0.6 APs were evoked by the ramp (n ϭ 5, P ϭ Fig. 1 . JTE-013 enhances the excitability of capsaicin-sensitive small-diameter sensory neurons. A: a representative recording in which the ramp of depolarizing current evoked 3 action potentials (APs) under control conditions, whereas after a 10-min exposure to 100 nM JTE-013 the number of APs increased to 10 (right). B summarizes the sensitizing actions of JTE-013 over a 15-min recording period. There was no significant difference between the number of APs at the 2, 5, 10, and 15 min time points. The number of neurons at each time point are as follows: control 11, 2 min 6, 5 min 11, 10 min 11, and 15 min 9. C: the number of evoked APs after exposure to JTE-013 normalized to their respective control values; these are the same neurons as shown in B. Note that there were no recordings obtained at 2 min for JTE-013-insensitive neurons. *Significant difference compared with the control condition (P Ͻ 0.001, ANOVA on ranks). JTE-013 INCREASES NEURONAL EXCITABILITY 0.98 ANOVA). Also, there was no significant change in the resting membrane potential in these neurons after exposure to JTE-013 (control Ϫ56.3 Ϯ 2.3 mV vs. after 15 min Ϫ53.4 Ϯ 5.4 mV, n ϭ 5, P ϭ 0.71 RM ANOVA, data not shown for 5 and 10 min). Neurons insensitive to JTE-013 were not included in the analysis shown in Table 1 . In recordings from six capsaicin-insensitive neurons (ranging in diameter from 20 to 50 m), four were sensitized by JTE-013 where under control conditions 2.8 Ϯ 0.5 APs were evoked; after 2-, 5-, and 10-min exposures to JTE-013, the numbers of APs were increased to 7.0 Ϯ 1.0, 8.0 Ϯ 1.3, and 7.3 Ϯ 1.5 APs, respectively (data not shown). The values obtained at 5 and 10 min, but not 2 min, were significantly different from the control values (P ϭ 0.03, ANOVA Holm-Sidak all pairwise test). Two of the six capsaicin-insensitive neurons were unaffected by 10 nM JTE-013; for the control conditions both fired 2 APs, and after 10 min one fired 2 and the other 1 AP. Another series of experiments examined whether the sensitizing actions of JTE-013 could be reversed. In recordings from four neurons, a 10-min exposure significantly increased the number of APs from a control value of 3.8 Ϯ 0.5 APs to 9.5 Ϯ 1.3 APs. After this 10-min exposure time, the neurons were then superfused with normal Ringer solution for an additional 15 min in which the number of evoked APs remained unchanged at 10.8 Ϯ 1.3 APs (data not shown), indicating that the actions of JTE-013 were not readily reversed in this time period. Therefore, these results indicate that the S1PR 2 antagonist JTE-013 by itself is capable of augmenting the excitability of some, but not all, small-diameter capsaicinsensitive and -insensitive sensory neurons.
To further characterize the effects of JTE-013 on the capacity of sensory neurons to fire APs, the concentration-response relation was determined. Figure 2A summarizes the effects of different concentrations of JTE-013 (from 1 to 1,000 nM) at different time points on the average number of APs evoked by the current ramp. These results indicate that there are both time-and concentration-dependent effects of JTE-013 on excitability. Figure 2B summarizes the effects of JTE-013 at the different times and concentrations after normalization to their respective values obtained under control conditions. The normalization was performed on those neurons represented in Fig.  2A . Treatment with either 1 or 3 nM JTE-013 did not alter the number of evoked APs over the 15-min recording period (1 nM: n ϭ 4, control 4.3 Ϯ 0.3 APs vs. 15 min 5.5 Ϯ 0.9 APs, P ϭ 0.38 ANOVA; 3 nM: n ϭ 5, control 4.0 Ϯ 0 APs vs. 15 min 5.5 Ϯ 0.6 APs, P ϭ 0.15 ANOVA on ranks). Similar results were obtained for exposure to vehicle (MPL, 5,000-fold dilution) where after 10-min exposure 4.2 Ϯ 0.6 APs were evoked compared with the control value of 3.4 Ϯ 0.2 (n ϭ 5, P ϭ 0.20 RM ANOVA). In addition, neurons insensitive to JTE-013 exhibited no significant change in AP firing over the 15-min recording period, demonstrating that AP firing is stable over time (Chi and Nicol 2010) . In contrast, exposure to 10 nM JTE-013 produced a significant increase in excitability in 10 of 12 neurons (2 were JTE-013 insensitive). The number of evoked APs was significantly different for exposures of 5, 10, and 15 min compared with their respective control values (P Ͻ 0.001 ANOVA on ranks); there was no difference between the values obtained at 5, 10, and 15 min. For 100 nM JTE-013, 11 of 16 neurons (as shown in Fig. 1 ) exhibited a significant increase in excitability after 5-, 10-, and 15-min exposures (P Ͻ 0.001 ANOVA on ranks). Finally, 8 of 11 sensory neurons exposed to 1,000 nM JTE-013 demonstrated significant increases in excitability after 5-, 10-, and 15-min exposures (P Ͻ 0.001 ANOVA on ranks). Three neurons were insensitive to 1,000 nM JTE-013, where after 15 min 3.7 Ϯ 0.7 APs were evoked compared with 3.7 Ϯ 0.9 APs for the untreated control (P ϭ 0.95 ANOVA). These results are similar to those obtained for neurons insensitive to 10 or 100 nM JTE-013 and reflect the consistency of these recordings over time. In Fig. 2C , the number of evoked APs normalized to The data were obtained from the neurons shown in A and represent means Ϯ SE. There was no difference in either the number of evoked APs or the normalized number of evoked APs over the recording periods for the vehicle (P ϭ 0.20 and P ϭ 0.24 for the number and the normalized number, respectively, ANOVA), for 1 nM JTE-013 (P ϭ 0.38 and P ϭ 0.27 for the number and the normalized number, respectively, ANOVA), and for 3 nM JTE-013 (P ϭ 0.16 for both for the number and the normalized number, ANOVA on ranks). There was a significant difference in both the number and normalized number of APs for treatment times at 5, 10, and 15 min for 10, 100, and 1,000 nM JTE-013 compared with their control values (P Ͻ 0.001 ANOVA on ranks, Dunn's all pairwise test). C summarizes the increase in the normalized number of APs as a function of JTE-013 concentration for treatment times of 10 and 15 min. their respective controls for the 10 and 15 min time points are plotted as a function of JTE-013 concentration. At 10 nM JTE-013 there was a significant threefold increase in the number of APs for both the 10 and 15 min time points compared with either 1 or 3 nM (P Ͻ 0.001 ANOVA on ranks). There was no significant difference for the increased AP firing produced by 10, 100, or 1,000 nM JTE-013 at the 10 min time point (ANOVA). These results demonstrate that JTE-013 enhanced the excitability of sensory neurons in both a time-and a concentration-dependent manner. However, the activation range was quite narrow and may reflect the nonlinear aspects of AP firing as a response measure.
The unexpected result that JTE-013 augmented AP firing in sensory neurons raises the question as to whether treatment with JTE-013 alters the neuronal response to S1P. In a separate set of experiments shown in Fig. 3 , treatment with 100 nM JTE-013 enhanced AP firing in a manner similar to that described above. After the recordings were obtained at 15 min, the neurons were then exposed to 1 M S1P via bath superfusion and AP production was measured over the next 10 min. These results indicate that S1P did not further increase AP firing over that obtained after 15 min of JTE-013 (n ϭ 7, P ϭ 0.99, ANOVA on ranks). As the effects of JTE-013 were not readily reversed, it is difficult to know whether JTE-013 masked any potential effects of S1P due to a ceiling effect on AP firing. Also, a lower concentration of JTE-013, i.e., 10 nM, produced maximal sensitization that was unaffected by S1P (see Fig. 5A ). JTE-013 at 3 nM had no effect; thus titrating an effective concentration was difficult. This remains a question for future studies elucidating the specific target as well as the mechanism of action for JTE-013.
Guanosine 5=-O-(2-thiodiphosphate) blocks the increased excitability produced by JTE-013. We have shown that exposure to JTE-013 increased the number of evoked APs. JTE-013 may act as a agonist in addition to its established role as an S1PR 2 antagonist. To explore this possibility, sensory neurons were internally perfused via the recording pipette with guanosine 5=-O-(2-thiodiphosphate) (GDP-␤-S) to block activation of G protein-coupled receptors (Eckstein et al. 1979) . To determine the effectiveness of GDP-␤-S to block activation of G protein-coupled receptors, sensory neurons were initially exposed to the inflammatory prostaglandin PGE 2 , which is known to increase neuronal excitability through activation of the Gs-cAMP pathway (Cui and Nicol 1995; Hingtgen et al. 1995; Taiwo et al. 1989) . As summarized in Fig. 4A , under normal recording conditions, a 2-min exposure to 1 M PGE 2 produced a significant increase in the number of evoked APs that was maintained through the 10-min recording period compared with the control value (P Ͻ 0.001, ANOVA, HolmSidak all pairwise test). In contrast, in neurons that were internally perfused with 3 mM GDP-␤-S, exposure to PGE 2 failed to increase the number of evoked APs. Similarly, internal perfusion with GDP-␤-S for 10 min prevented the increase in excitability produced by exposure to 100 nM JTE-013 (see Fig. 4B ). Thus, in the presence of GDP-␤-S, the increases in AP firing produced by PGE 2 and JTE-013 were blocked, suggesting that JTE-013 is capable of increasing excitability via a mechanism that is dependent on G protein activation.
Pretreatment with either pertussis toxin or selective S1PR 1 antagonist W146 blocks the effects of JTE-013. To test the idea that JTE-013 might be acting via G i /G o types of G proteins, isolated sensory neurons were treated with 200 ng/ml PTX for 24 h, after which recordings were obtained. As illustrated in Fig. 5A , PTX blocked the capacity of JTE-013 to augment AP Fig. 4 . Internal perfusion with guanosine 5=-O-(2-thiodiphosphate) (GDP-␤-S) blocks the increased excitability produced by JTE-013. A demonstrates that internal perfusion with 3 mM GDP-␤-S prevents the increase in excitability produced by 1 M PGE 2 , which is known to act via the Gs-cAMP-PKA pathway. For the normal control condition, n ϭ 5; for internal perfusion with GDP-␤-S, n ϭ 11. B shows that internal perfusion with GDP-␤-S blocks the increase in AP firing produced by 100 nM JTE-013. The numbers of neurons at each time point are as follows: control through 12 min 8 neurons, 15 min 7, and 20 min 6. *Significant difference compared with the control condition (P Ͻ 0.05, RM ANOVA). Fig. 3 . Sphingosine 1-phosphate (S1P) does not cause a further increase in AP firing after treatment with JTE-013. In a separate series of experiments, 7 sensory neurons were exposed to 100 nM JTE-013 over a 15-min recording period. After the recoding at 15 min, these neurons were exposed to 1 M S1P and recordings were obtained over the next 10 min. The data represent means Ϯ SE. *Significant difference from the control values [P Ͻ 0.001, repeated-measures (RM) ANOVA].
firing. In recordings from 12 PTX-treated neurons, 10 nM JTE-013 failed to enhance the excitability over a 10-min recording period (P ϭ 0.44, ANOVA on ranks). Additionally, eight of these neurons were then exposed to 1 M S1P. In six of the eight neurons S1P did not alter AP firing; however, in two of those eight neurons, AP firing went from 5 and 6 APs to 12 and 11 APs, respectively, after a 2-min exposure to S1P. It is possible that these recordings were obtained from only JTE-013-insensitive neurons. However, as indicated by our results described above, JTE-013-sensitive neurons comprise ϳ70 -80% of recorded neurons. Thus it seems unlikely that all 12 neurons from which these recordings were obtained were insensitive to JTE-013 (P ϭ 0.002, Fisher's exact test). A parallel set of untreated isolated sensory neurons obtained from these same tissue harvests were combined with those measurements obtained from other neurons used in the concentrationresponse experiments (the effects of JTE-013 on AP production were not significantly different for these 2 groups of neurons). In this combined set, 10 nM JTE-013 produced a significant increase in AP firing after only 2 min compared with the untreated controls (P Ͻ 0.001, RM ANOVA HolmSidak all pairwise test). Furthermore, the JTE-013-induced increase in AP firing in the untreated neurons was significantly different for the 6 and 10 min time points compared with all time points for PTX-treated neurons (see Fig. 5A legend for details). In the parallel untreated neurons obtained from the same tissue harvests used for PTX treatment, a 2-min exposure to 1 M S1P after the 10-min exposure to 10 nM JTE-013 produced no further increase in AP firing (n ϭ 7); these results are similar to those described above for Fig. 3 . Thus these results indicate that JTE-013 may be acting via a G i /G o -type G protein. In addition, sensitization produced by S1P was prevented by treatment with PTX, indicating that S1P receptor activation (e.g., S1PR 1 ) of a G i /G o -type G protein may play a prominent role in the S1P-mediated increase in excitability. However, in some neurons, S1P may act via PTX-insensitive G proteins, for example, G q (see Rosen et al. 2009 ). This result is consistent with our previous findings in which siRNA knockdown of S1PR 1 expression prevented S1P-induced sensitization in most, but not all, sensory neurons (Chi and Nicol 2010).
In light of our previous findings that S1PR 1 plays a prominent role in enhancing excitability of sensory neurons (Chi and Nicol 2010) and that S1PR 1 activation of downstream signaling pathways is mediated by G i -type G proteins (see reviews by Obinata and Hla 2012; Rosen et al. 2009; Strub et al. 2010) , we examined the possibility that JTE-013 acted via S1PR 1 by using the selective S1PR 1 antagonist W146 (Sanna et al. 2006) . Sensory neurons were pretreated with either 1 M W146 or its inactive analog W140 for 30 min prior to recording. For both W140 and W146 treatment groups, the effects of 10 and 100 nM JTE-013 were examined, as W146 is a competitive antagonist of S1PR 1 (Sanna et al. 2006 ). An ANOVA indicated that there were no significant differences between the responses elicited by 10 and 100 nM JTE-013. For example, W146 treatment was equally effective for 10 or 100 nM JTE-013 (P ϭ 0.98). Therefore, the AP recordings from 10 and 100 nM JTE-013 were combined. These results (see Fig. 5B ) demonstrate that pretreatment with W146 blocked the sensitizing action of JTE-013 where the number of APs was not changed over the 15-min recording period [control 3.7 Ϯ 0.2 APs (n ϭ 13) vs. 15-min JTE-013 3.9 Ϯ 0.6 APs (n ϭ 12), P ϭ 0.66 ANOVA]. In contrast, pretreatment with 1 M W140 had no effect on JTE-013-induced increase in excitability; after a 15-min exposure to JTE-013 the number of APs was increased to 9.0 Ϯ 0.9 (n ϭ 5) from a control value of 3.4 Ϯ 0.2 APs (n ϭ 10, P Ͻ 0.001 ANOVA Holm-Sidak all pairwise). These Fig. 5 . Pertussis toxin (PTX) and the S1P receptor 1 (S1PR 1 ) antagonist W146 block the JTE-013-induced increase in excitability. A: 1 group of sensory neurons were treated with 200 ng/ml PTX for 24 h, while the untreated neurons were composed of 2 groups: 1 group was obtained from neurons isolated from the same tissue harvests as those for the PTX neurons, and another group was derived from the concentration-response experiments for 10 nM JTE-013. These 2 groups were not significantly different for all time points (P Ͼ 0.05, ANOVA) and were combined. The numbers of neurons in the untreated group were as follows: control 12, JTE-013 12, 12, and 11 at 2, 6, and 10 min, respectively, and S1P 7. The numbers of neurons in the PTX-treated group were as follows: control 12, JTE-013 12, and S1P 6. *Significant difference between the control and after exposure to JTE-013 within the untreated group (P Ͻ 0.001, ANOVA Holm-Sidak all pairwise). To compare the untreated and PTX-treated neurons, an ANOVA was used. There was a significant difference (P Ͻ 0.001, Holm-Sidak all pairwise test) between the untreated neurons at 6 and 10 min from all PTX-treated time points. Untreated neurons at 2 min were significantly different from the PTX-treated controls but not PTX-treated neurons at 2, 6, and 10 min. The untreated and PTX-treated controls were not different. B: pretreatment with the selective S1PR 1 antagonist W146, but not its inactive analog W140, blocks the effects of JTE-013. A within-group statistical analysis indicated that in the presence of 1 M W140 JTE-013 significantly increased AP firing for the recordings obtained at 2, 5, 10, and 15 min compared with the control (P Ͻ 0.001, ANOVA Holm-Sidak all pairwise test), whereas there was no difference between the number of APs recorded at 2, 5, 10, and 15 min. The numbers of neurons in the W140-treated group were as follows: control 10, JTE-013 2 min 10, 5 min 10, 10 min 7, and 15 min 5. In contrast, a within-group analysis showed that JTE-013 had no effect on the number of evoked APs in the presence of 1 M W146 (P ϭ 0.66 ANOVA). The numbers of neurons in the W146-treated group were as follows: control 13, JTE-013 2 min 13, 5 min 13, 10 min 12, and 15 min 12. A comparison between the W140 and W146 groups indicated that in the presence of W140 JTE-013 significantly increased the number of evoked APs at 5, 10, and 15 min compared with all time points for W146 treatment (P Ͻ 0.001, ANOVA Holm-Sidak all pairwise test). For the W140 2 min recordings, the difference was significant for the W146 control, 2, 10, and 15 min but not 5 min time points. There was no difference between the W140 and W146 control groups.
results were similar to those observed in untreated neurons (e.g., Fig. 5A ). Taken together, these results suggest that JTE-013 may be acting as an agonist for S1PR 1 via a G protein signaling pathway that is sensitive to PTX.
Neurons sensitized by JTE-013 do not express mRNA for S1PR 2 . The findings with GDP-␤-S and PTX suggest that JTE-013 may act as an agonist for G protein-coupled receptors. One possibility is that JTE-013 may activate rather than block S1PR 2 in sensory neurons. To assess whether the sensitizing actions of JTE-013 could result from S1PR 2 activation, neurons (3 total) that exhibited increased AP firing after JTE-013 were aspirated and then processed by RT-PCR to detect the presence of mRNA for S1PR 2 . Representative results from two individual neurons are illustrated in Fig. 6A , in which under control conditions the current ramp evoked 3 and 4 APs from cell 1 and cell 2, respectively. After a 10-min exposure to 100 nM JTE-013, the number of APs was increased to 8 in both cells. The genetic material obtained from these individual neurons underwent reverse transcription, after which the cDNA was split into two samples, one for the detection of S1PR 2 and the other for the reference gene, HPRT. Surprisingly, neither cell 1 nor cell 2 expressed the mRNA for S1PR 2 but did express the mRNA for HPRT (shown in Fig. 6B ). As additional positive controls, samples were isolated from rat intact DRG and liver, in which both S1PR 2 and HPRT were detected at their appropriate sizes. Thus these results indicate that JTE-013 was capable of augmenting the excitability of sensory neurons that did not express the mRNA for S1PR 2 and demonstrate that JTE-013 sensitizes sensory neurons independently of this particular receptor.
JTE-013 enhances mechanical but not thermal sensitivity in vivo. Our observations in isolated sensory neurons would suggest that JTE-013 could enhance nocifensive in vivo behaviors when injected into the hindpaw of a rat. To test this idea, rats underwent both mechanical stimulation with von Frey filaments and thermal stimulation with a Hargreaves apparatus (described in MATERIALS AND METHODS). Baseline sensitivities were established with two measurements on separate days prior to the injection of 20 l of 2 M JTE-013. As summarized in Fig. 7A , injection of JTE-013 produced a significant increase in the mechanical sensitivity measured in the ipsilateral paw at the first time point tested (30 min); this heightened sensitivity was maintained for Ͼ2 h (n ϭ 5, P Ͻ 0.001 at all postinjection time points, 2-way RM ANOVA with Bonferroni posttest). In contrast, no change in mechanical sensitivity was detected in the contralateral paw after injection of JTE-013 (n ϭ 5). Injection of the vehicle (0.005% DMSO in the extracellular solution) had no effect on either ipsilateral or Fig. 6 . Single-cell RT-PCR demonstrates that neurons sensitized by JTE-013 do not express the mRNA for S1PR 2 . A: current-clamp recordings obtained from 2 representative neurons, cell 1 (C1) and cell 2 (C2), in which a 10-min exposure to 100 nM JTE-013 increased the number of APs evoked by the current ramp. B: the RT-PCR results obtained for these 2 individual neurons. Neither C1 nor C2 expressed the mRNA for S1PR 2 (top), but they did express HPRT (bottom). As positive controls S1PR 2 and HPRT were detected in mRNA isolated from intact dorsal root ganglia (DRG) and liver. Lanes labeled B (blank) represent reactions performed in the absence of any template. contralateral responses (n ϭ 5 for each group). In contrast to the mechanical response, injection of JTE-013 caused no significant changes in thermal sensitivity 1 h after paw injection for ipsilateral or contralateral paws (Fig. 7B) . Consistent with the increased excitability observed in isolated neurons, JTE-013 augmented the sensitivity of the rat's hindpaw to mechanical stimulation.
JTE-013 suppresses S1P-mediated cellular migration. Previous studies demonstrated that S1P could stimulate or inhibit migration or invasion of cells depending on the particular cellular model system. In B16 melanoma cells, activation of S1PR 1 and S1PR 3 promotes cell migration whereas activation of S1PR 2 inhibits cellular migration (Arikawa et al. 2003; Okamoto et al. 2000) . The suppression of B16 migration could be reversed by pretreatment with the S1PR 2 antagonist JTE-013 (Arikawa et al. 2003) . Therefore, to confirm that our JTE-013 was effective, we performed an in vitro wound healing study as described by Arikawa et al. (2003) to test whether JTE-013 prevented the S1P-mediated inhibition of B16 migration. As shown in two representative experiments (see Fig. 8, A and B) , under untreated control conditions B16 cells migrated back into the wound region 48 h after creating the wound. In cells treated with 100 nM S1P this migration was suppressed, suggesting S1P activation of S1PR 2 . However, cells treated with 1 M JTE-013 and 100 nM S1P exhibited increased migration compared with S1P alone, indicating that JTE-013 was capable of preventing the S1P-mediated inhibition of cell migration. Treatment with JTE-013 alone had little effect on cell migration in the wound healing assay and was similar to the untreated control cells. Similar qualitative results were obtained in five additional wound healing assays. These results are quite similar to those reported previously by Arikawa et al. (2003) and demonstrate that JTE-013 can suppress the actions of S1PR 2 in the B16 melanoma cell line.
DISCUSSION
To our knowledge, the use of the selective antagonist JTE-013 to establish a role for S1PR 2 in modulating the activity of peripheral neurons has not been investigated. In this report, we demonstrate that this putatively selective antagonist for S1PR 2 can increase the number of APs evoked by a ramp of depolarizing current. The increase in AP firing produced by JTE-013 appeared to be receptor mediated, since antagonism of G protein-coupled receptor activation by GDP-␤-S prevented the Fig. 8 . S1P-induced inhibition of B16 cell migration is blocked by JTE-013 in the wound healing assay. A and B: 2 representative results (from a total of 7 assays). Panels labeled Control show the untreated controls at 0 and 48 h after the wound. Panels labeled S1P show the inhibition of migration produced by 100 nM S1P 48 h after the wound. Panels labeled S1P ϩ JTE-013 demonstrate that 100 nM JTE-013 blocks the inhibition of cell migration produced by S1P after 48 h. Panels labeled JTE-013 show that cell migration after 48 h is not affected by exposure to 100 nM JTE-013 alone.
JTE-013-induced increase in excitability as well as the increase in excitability produced by PGE 2 . However, JTE-013 is not acting via S1PR 2 , as neurons sensitized by JTE-013 did not express the mRNA for S1PR 2 . Thus these results suggest that in sensory neurons JTE-013 has the capacity to modulate excitability by mechanisms that are mediated by a G protein pathway and the activation is independent of S1PR 2 . Consistent with these ideas, additional experiments demonstrated that the sensitization produced by JTE-013 was blocked by a 24-h treatment with PTX, an established antagonist of G i /G o -type G protein activation. Surprisingly, the increase in excitability was also blocked by pretreatment with W146, a selective antagonist of S1PR 1 , whereas the inactive analog W140 did not alter the increased excitability. Previous work showed that W146 had a K i of 70 -80 nM for S1PR 1 and exhibited no activity for S1PR 2 , -R 3 , or -R 5 when expressed in a heterologous expression system (Sanna et al. 2006) . Therefore, the parsimonious interpretation of these findings suggests that JTE-013 may be acting as an agonist at a G i /G o protein-coupled receptor(s), perhaps S1PR 1 . It is well established that S1PR 1 acts uniquely via a G i /G o -type G protein (Obinata and Hla 2012; Rosen et al. 2009 ) and would thereby be sensitive to the actions of PTX. However, this notion may be confounded by the fact that possible off-target actions for W146 remain to be established.
Early studies indicated that JTE-013 could serve as a selective antagonist of S1PR 2 . JTE-013 blocked the binding of S1P to S1PR 2 expressed in CHO cells with an IC 50 of ϳ20 nM, whereas JTE-013 had little to no effect on S1P binding to either S1PR 1 or S1PR 3 even at concentrations up to 10 M (Osada et al. 2002) . Functionally, JTE-013 blocked the increase in intracellular Ca 2ϩ concentration produced by S1P both in aortic smooth muscle cells (Osada et al. 2002) and in CHO cells expressing S1PR 2 but not S1PR 1 or S1PR 3 (Arikawa et al. 2003) . These observations are in contrast to our finding that the JTE-013-induced increase in excitability was blocked by an S1PR 1 antagonist. This distinction may suggest significant differences in the regulation/modulation of S1PR 1 activation between CHO cells and sensory neurons such that a neuronal system permits JTE-013 to behave as a functional agonist. Another possibility is that in the neuronal membrane there exist other receptors or binding partners, which are not found in CHO cells, that form an association with S1PR 1 that regulates its activation. For example, studies have demonstrated important interactions between the receptor tyrosine kinase and G protein-coupled receptor pathways that are distinct from the process of transactivation (Alderton et al. 2001; Pyne et al. 2007; Waters et al. 2005 ). This work demonstrated that S1PR 1 appears to form an integrative signaling complex with the PDGF-␤ receptor that facilitates activation of p42/p44 MAPK. Perhaps association with some undefined signaling partner in sensory neurons permits functional activation of S1PR 1 by JTE-013. This would be an important area of future investigation to elucidate potential binding partners in the activation of S1PR 1 in neurons as well as contributing factors in the mechanisms of action for JTE-013.
In the CNS, S1P produces vasoconstriction; treatment with JTE-013 blocked this effect in both the spiral modiolar artery (Kono et al. 2007 ) and the cerebral basilar artery (Salomone et al. 2008) . Taken together, results obtained in nonneuronal tissues indicate that JTE-013 can block the functional outcomes of S1PR 2 activation by S1P. However, recent findings indicate that JTE-013 may not be as selective as previous studies indicated. Salomone et al. (2008) observed that vasoconstriction of the basilar artery produced by elevated KCl, U46619 (a thromboxane A1 agonist), or endothelin-1 was suppressed by JTE-013. Surprisingly, these authors also demonstrated that JTE-013 was capable of blocking S1P-mediated vasoconstriction in S1PR 2 Ϫ/Ϫ knockout mice. These results are consistent with our observations that JTE-013 enhances excitability in neurons that did not express mRNA for S1PR 2 . In another study, a 6-day treatment with JTE-013 significantly reduced the incidence of diabetes produced by streptozotocin (Imasawa et al. 2010 ); however, it was previously reported that administration of FTY720 could prevent and also reverse the incidence of diabetes in a nonobese diabetic mouse model (Maki et al. 2005) . The actions of JTE-013 in reducing the incidence of diabetes need further investigation, since FTY720 is an activating ligand for four of the five S1PRs but not for S1PR 2 (Brinkmann 2009; Brinkmann et al. 2002; Brinkmann and Lynch 2002) . Furthermore, in MDA-MB-453 breast cancer cells JTE-013 was demonstrated to be an antagonist at S1PR 4 (Long et al. 2010) . Issues regarding the selectivity of JTE-013 have been reviewed recently by Pyne and Pyne (2011) and Salomone and Waeber (2011) . Taken together, early studies indicated that JTE-013 specifically blocked S1PR 2 ; however, more recent work is beginning to suggest that this antagonist may have actions at other S1PRs and also targets that presently remain undefined.
Similar to our findings obtained from isolated sensory neurons, injection of JTE-013 into the hindpaw of a rat produced enhanced sensitivity to mechanical stimulation; however, there was no effect on the thermal sensitivity. The AP recordings were obtained from both capsaicin-insensitive and -sensitive neurons; these results are consistent with the JTE-013-induced increased mechanical sensitivity. Studies have demonstrated that sensory neurons other than heat nociceptors express the capsaicin receptor TRPV1, and TRPV1 can be activated or sensitized by many stimuli in addition to heat (Nilius et al. 2007; Ro et al. 2009; Venkatachalam and Montell 2007; Yamamoto et al. 2008 ). Additionally, in vivo studies have shown that mechanical hypersensitivity and allodynia in several different pain models can be modulated by agonists and antagonists of TRPV1 (Huang et al. 2006; Kanai et al. 2007; Patwardhan et al. 2009; Ro et al. 2009; Watabiki et al. 2011; Yu et al. 2008) . Thus it is possible that JTE-013 is capable of augmenting the sensitivity of both TRPV1-expressing and TRPV1-nonexpressing mechanoreceptive sensory neurons. Exploring the exact mechanism of action for JTE-013 is an interesting question for future studies.
In conclusion, our results indicate that JTE-013, independently of its actions at S1PR 2 , is capable of increasing the excitability of sensory neurons. In in vivo behavioral studies, JTE-013 can enhance sensitivity to mechanical stimulation. Our findings demonstrate that JTE-013 could be acting as an agonist at other G protein-coupled receptors. To our knowledge, the metabolism of JTE-013 is poorly understood; it is possible that a metabolic product could be responsible for the enhancement of neuronal excitability. The exact mechanisms of JTE-013's actions remain undefined, and thus the potential role of S1PR 2 in regulating neuronal function will be difficult to establish until better pharmacological approaches are developed.
